• The heterogeneous bio-Fenton catalyst (GOx/MnFe 2 O 4 /calcium alginate) was prepared • Various kinetic models for adsorption and decolorization of AR14 by using catalyst were studied • The AR14 dye removal by bio-Fenton catalyst was more than 60% for 3 h • The obtained value of the Michaelis-Menten kinetic constant for decolorization of AR14 dye was 114 μM
structure, are known to be one of the most important groups of synthetic colorants that are extensively used in various industries [2] [3] [4] . The effluents discharge from dyeing industries is highly colored with a large amount of suspended organic solids [5] . There are many studies on techniques for removal of dyes from wastewater [6] [7] [8] [9] . Adsorption of pollutants is superior to other methods for wastewater treatment in terms of low cost of raw materials, simplicity of design, and ease of operation [10] [11] [12] [13] [14] . In the recent decades, magnetic particles such as iron oxide nanoparticles, especially magnetite, hematite, and spinel ferrite are used for this purpose since they are easy to collect and separate from the aqueous environments because of their magnetic property [15, 16] . Biological adsorbents are another type of adsorbents that have low preparation cost, simple design, and are easy to operate with biological materials such as chitosan and alginate [17] [18] [19] [20] [21] . Alginate is a polysaccharide, which is widely used for removal of heavy metals and organic dyes from wastewater [22, 23] . Enzymatic processes are frequently used to decolorize wastewater due to their cost effectiveness. The enzymatic decolorization of some azo dyes cause the formation of non-specific free radicals without direct cleavage of the azo bonds thus avoiding the production of highly toxic aromatic amines [24] . In addition, dye degradation using enzymes has received great attention, because it has high efficiency to decolorize dyes [25] . Glucose oxidase (GOx) is one of the most widely used available enzymes, which is known as oxidoreductase. It catalyzes the oxidation of β-D-glucose to gluconic acid by utilizing molecular oxygen as an electron acceptor with simultaneous production of hydrogen peroxide (H 2 O 2 ). Immobilization of enzymes on insoluble support provides a possibility for their continuous or multiple uses. The immobilization of enzymes on porous-supports through adsorption is a simple method, and it is one of the first enzyme immobilization techniques [26] . The ease of immobilization, lack of chemical modification and enhancement in stability are some of the advantages offered by the adsorption procedure. However, this technique has disadvantages, such as low linking energy between the enzyme and the support, which may cause enzyme desorption in presence of the substrate or when it is exposed to variations in the temperature, pH and ionic strength. Nevertheless, the immobilization by adsorption is one of the most used techniques in the attainment of insoluble support. The Fenton reagent, a mixture of Fe 2+ and H 2 O 2 ,is one of the most active systems for oxidation of organics in water. Fenton and Fenton-like technology have been extensively studied as one of the best options for the degradation of various recalcitrant organic pollutants in water. However, there is a non-ignorable drawback of the traditional homogeneous Fenton and that is the difficulty to remove the iron sludge after the treatment, which may cause secondary pollution. Recently, heterogeneous Fenton-like systems using solid catalysts have been developed. Most studies of heterogeneous Fenton-like catalysts have been focused on iron supported materials, such as iron oxide minerals. The development of active heterogeneous Fenton systems is of considerable interest since it could offer some advantages, such as no need of acid or base, and no sludge generation. The GOx causes the production of in-situ hydrogen peroxide during electron transfer reaction from substrate to oxygen. The role of MnFe 2 O 4 in dye degradation is due to the presence of Mn 2+ in this material's structure which strongly favors the peroxide decomposition [27, 28] .
The present study reports the preparation of GOx/MnFe 2 O 4 /calcium alginate nanocomposite for simultaneous adsorption and degradation of dye pollutant acid red 14 (AR14) from aqueous solutions by heterogeneous bio-Fenton reactions. The enzymatic decolorization followed the Michaelis-Menten kinetic model. 2 O 4 in 10 mL of distilled water was mixed with 20 mL of 2 wt.% sodium alginate solution. The mixture was transferred to 2 wt.% solution of calcium chloride drop wise to obtain insoluble granular calcium salt. To prepare the enzymatic nanocomposite, the same process was followed except that the GOx enzyme was immobilized on MnFe 2 O 4 .
Immobilization of enzyme on MnFe 2 O 4 and assay of activities
To immobilize the enzyme on the support, 0.2 g MnFe 2 O 4 was added to 10 mL GOx solution (882 U/mL) in 0.1 M acetate buffer (pH 5.5). Then, it was stirred in the incubator shaker at 120 rpm and 30 °C for 60 min [30] . The immobilization amount was calculated by measuring the difference between the initial activity of the solution and the supernatant. The activity of GOx enzyme was measured by the method of Shoaebargh et al. [31] . The amount of GOx immobilized in GOx/MnFe 2 O 4 /calcium alginate nanocomposite was calculated as 5850 U/g MnFe 2 O 4 .
Point of zero charge of the MnFe 2 O 4 nanoparticles
The determination of the point of zero charge pH (pH pzc ) of MnFe 2 O 4 nanoparticles at 30 °C in the 0.1 M NaNO 3 solutions was conducted by using the Mehdizadeh et.al. method with a slight change [32] . The value of pH pzc ≈7.1 was obtained according to our previous work [33] .
Decolorization process
The experiments were conducted in 250 mL Erlenmeyer flasks, containing 50 mL dye solution with given concentration and a specific amount of different nanocomposites at the set temperature of 30 °C and 120 rpm. To the catalyst (GOx/MnFe 2 O 4 /calcium alginate) containing GOx enzyme, 80 mM glucose was added as a substrate to the solution. The absorption of aqueous solution of AR14 was measured at wavelength of 514 nm, which has been determined as the wavelength of maximum dye absorption, for a specified interval using UV-Vis spectrophotometer (1700 UV-Vis Shimadzu, Japan). The percent of the decolorization was calculated by Eq. (7):
A A (7) where A 0 and A t are the absorbance of the sample solution at times 0 and t, respectively.
Kinetic and isotherm studies
The kinetic parameters of the enzyme for the dye were obtained after determination of the velocity for different concentrations of the dye. Afterwards, a Michaelis-Menten curve was plotted as the obtained velocity (V) vs. dye concentrations (S). Then, the Michaelis-Menten constant (k M ) and maximal velocity (V max ) were calculated using Lineweavere-Burk transformation of the Michaelise-Menten equation [34] .
The kinetics of adsorption without enzyme was determined by analyzing the adsorption of the dye from aqueous solution at different time intervals.
For determination of the adsorption isotherms, dye solutions of different concentrations were agitated with known amount of adsorbents till the equilibrium was reached at temperature 30 °C. The amount of the adsorbed dye was calculated using Eq. (8):
0 e e ( -) = C C V q m ( 8 ) where q e , C 0 , C e , V and m are the amount of dye adsorbed per unit mass of the adsorbent (mg g −1 ) at equilibrium, the initial, equilibrium concentrations of the dye (mg L -1 ), solution volume (L) and adsorbent weight (g), respectively.
RESULTS AND DISCUSSION
Characterization of the nanoparticles Figures 1 a-c show the TEM images of the obtained nanomaterials synthesized by co-precipitation phase inversion method. Figure 1a shows that the obtained material was composed of particles structures. It was found that the obtained material had cubic morphology (Figure 1b) . Besides, the average size of each flank was measured to be about 39 nm (Figure 1c) . The other characterizations of MnFe 2 O 4 nanoparticles synthesized have been presented in our previous works [33] . 
Effect of pH
The adsorption capacity of the adsorbents were studied by setting the initial pH in the range of 3-7 by HCl (0.1 M) and NaOH (0.1 M) by using a pH-meter at an adsorbent dose of 0.2 g, 50 mL AR14 solution, initial concentration 50 mg.L −1 and temperature 30 °C. Figure 2 shows the removal of AR14 by using MnFe 2 O 4 , MnFe 2 O 4 /calcium alginate and GOx/ /MnFe 2 O 4 /calcium alginate at different pHs. The graph indicated clearly that the adsorption process was pH dependent and the maximum uptake of the dye occured at pH 3. Thus, the pH 3 was selected as optimum pH for the following study. The effect of the initial pH depends on the type of pollutants and pzc of the adsorbent. At pH below pH pzc ≈7.1, the electrostatic interaction between the anions of AR14 and adsorbent positive surface increased, which led to increase of the decolorization of anionic AR14 on MnFe 2 O 4 with decrease in the pH. The reduction of AR14 removal in higher pH could be contributed to the increase of repulsive forces between the negative charged surface MnFe 2 O 4 and the anionic AR14 dye. Also, the results showed that the removal of anionic AR14 dye by GOx/MnFe 2 O 4 /calcium alginate was higher than the removal by using MnFe 2 O 4 /calcium alginate and MnFe 2 O 4 due to the enzymatic degradation of the dye.
Effect of contact time
The effect of contact time on the percentage of color removal was studied at different time intervals from 5 to 60 min at an adsorbent dose 0.2 g, 50 mL AR14 solution, initial concentration 50 mg.L −1 , pH 3 and temperature 30 °C. The results in terms of percentage decolorization are presented in Figure 3 . It was observed that the adsorption capacity of AR14 was increased with increase in the contact time. As could be seen from Figure 3 , the removal efficiency of Figure 4 shows the effect of initial dye concentrations on the adsorption process. The results showed that the percentage of adsorption efficiency decreased with increasing of the initial dye concentration in the solution reflecting the decreasing adsorption with increasing of the initial dye concentration. This could be attributed to the large number of vacant surface sites that were available for adsorption at the beginning of the process, and which after the initial stage decreased and were hard to be occupied due to the repulsive forces between AR14 adsorbed on the surface of the composite and the solution phase.
Also, the results showed that the removal of anionic AR14 dye by using GOx/MnFe 2 O 4 /calcium alginate was higher than the one obtained by using MnFe 2 k M corresponds to the substrate concentration for which the reaction rate is half of the maximum rate, being a measure of the affinity of the enzyme for a particular substrate. The lesser value of k M , the larger the affinity of the enzyme to the substrate [35] .
A. Michniewicz [36] O 4 , and this showed that the overall rate of the dye adsorption process appeared to be controlled by a chemisorption process. It can also be seen in Table  1 that, with decrease in the initial dye concentration, the rate constant of adsorption k 2 increased, as the reaction rate constant was highest for the initial concentration of 10 mg L -1 in respect to the initial concentrations of 25, 50 and 75 mg L -1 . The kinetics of the adsorption of many dye species onto various adsorbents was also found to be of second order in the literature [1] .
Adsorption isotherm of AR14
The adsorption of AR14 was performed by shaking 0.2 g of adsorbent in 50 mL AR14 with various initial concentrations of 10, 25, 50 and 75 mg L -1 at 30 °C and pH 3 for 3 h. The equilibrium data isotherm analysis for AR14 adsorption onto MnFe 2 O 4 / /calcium alginate and MnFe 2 O 4 could be expressed by adsorption isotherm models. Langmuir, Freundlich and Temkin isotherm models were used to describe the adsorption equilibrium. The objective was to evaluate the most appropriate correlations for the equilibrium curves and then to optimize the design of the adsorption system. The isotherm parameters of Langmuir, Freundlich and Temkin models for AR14 adsorption onto MnFe 2 O 4 /calcium alginate and MnFe 2 O 4 are shown in Table 2 .
Langmuir isotherm model
The Langmuir isotherm assumes monolayer adsorption on a uniform surface with a finite number of adsorption sites. The Langmuir isotherm equilibrium constants could be determined from the linear plot of C e /q e versus C e (Figure 6a ) by using the fol- Table 2 confirmed that MnFe 2 O 4 /calcium alginate (R L = 0.419) and MnFe 2 O 4 (R L = 0.339) were favorable for adsorption of AR14 dye under the conditions used in this study.
Freundlich adsorption model
The Freundlich adsorption isotherm model, which is an empirical equation, is used to describe heterogeneous adsorption systems. The Freundlich equilibrium constants could be determined from the linear plot of Ln q e versus Ln C e (Figure 6b ) by using the following equation: and n is the heterogeneity factor describing the adsorption intensity. The slope (value of 1/n) ranges between 0 and 1 is a measure of the adsorption intensity or surface heterogeneity. A value of the slope close to zero means that the process is heterogeneous, while a value below unity implies that the adsorption is a chemical process. A value of the slope above 1 indicates that the adsorption is a physical process [40] . The values of the slope (1/n) listed in (1/n = 0.658) were chemical processes.
Temkin model
The Temkin model considered the effects of indirect adsorbent/adsorbate interactions on the adsorption isotherm. The heat of adsorption of all molecules in the layer would decrease linearly with the coverage due to the adsorbent/adsorbate interactions. Also, the adsorption is characterized by a uniform distribution of binding energies, up to some maximum binding energy. The following form of the Temkin isotherm model has been used: 2 O 4 showed that the adsorption of AR14 dye on this adsorbent was described by the Temkin isotherm. Finally, among the three isotherm models, the Temkin isotherm gave the best correlation for AR14 adsorption onto MnFe 2 O 4 . While the Freundlich model gave the best fit to the equilibrium data of AR14 adsorption onto MnFe 2 O 4 /calcium alginate.
CONCLUSION
The present work suggested that GOx/MnFe 2 O 4 / /calcium alginate, owing to its simple preparation, better efficiency and easy for separation, could be applied as adsorbent for organic pollutants removal from aqueous solutions based on a heterogeneous Fenton system. The obtained results showed that the enzymatic decolorization of AR14 onto GOx/ /MnFe 2 O 4 /calcium alginate could be described by the Michaelis-Menten kinetic model. The V max and K m were found to be 5.64 mg L -1 min -1 and 57.51 mg L -1 , respectively, using Lineweavere-Burk transformation of the model. The kinetic data correlated better with pseudo-second order kinetic model than with pseudo first-order kinetic model. Among the three isotherm models, the Freundlich model was fitted with the equilibrium isotherm for the AR14 adsorption onto MnFe 2 O 4 /calcium alginate, while Temkin isotherm gave the best correlation for adsorption onto MnFe 2 O 4 nanoparticles.
